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Abstract
We revisit the Missing Doublet Model (MDM) as a means to address the
apparent difficulties of the minimal SU(5) supergravity model in dealing with
the doublet-triplet splitting problem, the prediction of α3(MZ), and the proton
lifetime. We revamp the original MDM by extending its observable sector to in-
clude fields and interactions that naturally suppress the dimension-five proton
decay operators and that allow see-saw neutrino masses. We also endow the
model with a hidden sector which (via gaugino condensation) triggers super-
symmetry breaking of the desired magnitude, and (via hidden matter conden-
sation) yields a new dynamical intermediate scale for the right-handed neutrino
masses (∼ 1010GeV), and provides an effective Higgs mixing parameter µ. The
model is consistent with gauge coupling unification for experimentally accept-
able values of α3(MZ), and with proton decay limits even for large values of
tan β. The right-handed neutrinos can be produced subsequent to inflation,
and their out-of-equilibrium decays induce a lepton asymmetry which is later
reprocessed (via sphaleron interactions) into a baryon asymmetry at the elec-
troweak scale. The resulting see-saw neutrino masses provide a candidate for
the hot dark matter component of the Universe (mντ ∼ O(10 eV)) and are
consistent with the MSW solution to the solar neutrino problem. We finally
compare the features of this traditional GUT model with that of the readily
string-derivable SU(5)×U(1) model, and discuss the prospects of deriving the
revamped MDM from string theory.
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1 Introduction
The much heralded convergence of the Standard Model gauge couplings in supersym-
metric Grand Unified Theories (GUTs) [1], is continually being challenged by ever
more precise LEP measurements of the gauge couplings. It was realized early on that
the effect of the GUT particles responsible for the onset of the unified theory, was
not negligible [2]. However, because of the presumed great uncertainty in the GUT
physics, such discussions have been largely carried out in the context of the minimal
SU(5) supergravity model [3]. Central to the study of these issues is the technical
point of how exactly these GUT (or lighter) particles decouple at scales below their
masses. Recent investigations [4] reveal that a “smooth” decoupling of particles leads
to noticeable differences from the step-function approximation. Moreover, these new
effects coupled with the latest LEP data on sin2 θW and the determination of the
top-quark mass, lead to a greatly increased prediction for α3(MZ) [5, 6, 7], strongly
suggesting that minimal SU(5) GUT thresholds are unable to bring the α3(MZ) pre-
diction down to the experimentally acceptable range [5]. This impasse may be resolved
with a significant contribution from Planck-scale non-renormalizable operators [8, 7],
although such effects call into question the whole field-theoretical approximation to
the gauge coupling unification problem.
Even if Planck-scale physics can resolve the present α3 discrepancy in mini-
mal SU(5), this GUT model suffers from a well known fine-tuning [9] regarding the
solution of the doublet-triplet splitting problem of the Higgs pentaplets. At least
three solutions to this problem (all involving non-minimal GUT models) have been
proposed: the missing-partner mechanism [10], the sliding-singlet mechanism [11],
and the pseudo-goldstone-boson mechanism [12]. In the sliding-singlet mechanism
radiative corrections destroy the gauge hierarchy [13], whereas an additional global
or local SU(6) symmetry is required in the pseudo-goldstone-boson mechanism. It is
very suggestive that the same investigations that uncover the α3 discrepancy in mini-
mal SU(5), also show that in the so-called Missing Doublet Model (MDM) [10], which
has as its central component the missing-partner mechanism, the α3 prediction is de-
creased to acceptable values [6, 5]. As we discuss below, some variants of the missing-
doublet model [14, 15] also solve the problematic situation with dimension-five proton
decay operators in minimal SU(5), which require the Higgs triplet mass (MH3) to ex-
ceed the GUT scale and the supersymmetric spectrum to be tuned in specific ways
[16, 17], especially when cosmological constraints are simultaneously enforced [18]. In
fact, an updated analysis has recently shown [19] that the upper bound on the Higgs
triplet mass from unification constraints (i.e., MH3 ∝ e−5pi/3α3 , α3 < αmax3 ), and the
corresponding lower bound from proton decay constraints (i.e., τp ∝M2H3 , τp > τminp )
are very close to each other, leaving only a small window of allowed parameter space
in minimal SU(5). Note also that, because of the rather large representations intro-
duced in the MDM (75,50,50), it is necessary to assign some of these Planck-size
masses, in order to avoid the onset of a strongly-interacting GUT below the Planck
scale [5, 15]. Thus, Planck-scale physics is again unavoidable in this more realistic
version of SU(5) GUTs.
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SO(10) GUTs [20, 21] have also received a great deal of attention lately
[22, 23, 24, 25], with interesting successes in the area of quark and lepton masses and
mixings, although the tanβ = O(50) prediction requires fine-tuning of the supersym-
metric spectrum [26, 27] to reconcile it with radiative electroweak breaking. Assuming
universal soft supersymmetry breaking, the further constraints from B(b → sγ) and
cosmology strongly disfavor the model [28]. However, most of these shortcomings
are overcome when one allows certain classes of non-universal scalar masses [29, 28].
More to the point, the successes of SO(10) rely on the existence of certain non-
renormalizable operators (as originally suggested in Ref. [30]) that are presumed to
be obtained from a string-derived model at the Planck scale. Despite initial claims
[31], no consistent SO(10) GUT string model has been derived in the context of free-
fermionic strings [32]. However, these failed attempts have been enough to fuel a series
of “string-inspired” SO(10) GUT models [25], which are limited to certain type and
number of representations (those allowed by the level-two Kac-Moody construction1),
forcing model builders to rely heavily on postulated effective non-renormalizable op-
erators [25]. Level-two string SO(10) GUT models have been consistently constructed
in the context of symmetric orbifolds [34], but with limited phenomenological success,
especially in dealing with the doublet-triplet splitting problem.
In view of its field-theoretical successes, in this paper we revisit the missing-
doublet model as a well-motivated, realistic contender for a grand unified model. We
first review the original MDM and its features and shortcomings (Sec. 2). We then
propose a simple extension of the model to naturally suppress dimension-five pro-
ton decay operators (Sec. 2). Our most substantive contribution is to endow this
supergravity model with a hidden sector containing gauge and matter degrees of free-
dom (Sec. 3). Hidden sector gaugino condensation triggers supersymmetry breaking
which, as we discuss, can be of the desired magnitude for suitable choices of the hid-
den gauge group and hidden matter spectrum. The matter condensates provide a new
dynamical intermediate scale which, via non-renormalizable interactions, generates a
low-energy Higgs mixing term µ. With the introduction of right-handed neutrinos
to the model, this scale also becomes their mass scale, which provides a suitable see-
saw spectrum of neutrino masses (Secs. 2,5). We show that the model is consistent
with gauge coupling unification for experimentally acceptable values of α3(MZ) and
that dimension-five proton decay operators are consistent with present limits even for
large values of tan β (Sec. 4). Also, the out-of-equilibrium decays of the right-handed
neutrinos subsequent to inflation produce a lepton asymmetry which is re-processed
into a baryon asymmetry by strongly-interacting Standard Model effects (sphalerons)
at the electroweak scale (Sec. 5). We finally compare the features of this traditional
GUT model with that of the readily string-derivable SU(5) × U(1) model, and dis-
cuss the prospects of deriving the revamped MDM from string theory (Sec. 6). We
summarize our conclusions in Sec. 7.
1At level two, the allowed unitary massless representations are 1,10,16,16,45,54 [33]. A string
model containing the 126,126 representations used in traditional SO(10) model building requires
an unlikely level-five construction [33].
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2 The observable sector
The original MDM [10] can be described by the following set of observable sector
fields: Σ (75), θ (50), θ¯ (50), h (5), h¯ (5), F1,2,3 (10’s), f¯1,2,3 (5’s), interacting via
the superpotential
W = 1
2
M75 TrΣ
2+ 1
3
λ75TrΣ
3+λ4 θ¯Σh+λ5 θΣh¯+M50 θθ¯+λ
ij
2 FiFjh+λ
ij
1 Fif¯jh¯ . (1)
The expectation value of the 75 can be chosen such that the SU(5) gauge symmetry
is broken down to the Standard Model one, in which case the scalar potential that
follows from Eq. (1) gives 〈Σ〉 ∼ M75/λ75. The θ¯Σh, θΣh¯, and θθ¯ terms in W effect
the doublet-triplet mechanism via the mass matrix
( h¯3 θ¯3
h3 0 λ4〈Σ〉
θ3 λ5〈Σ〉 M50
)
, (2)
where the subscript ‘3’ indicates the SU(2)L singlet, SU(3)C triplet component of the
corresponding SU(5) representation. This matrix clearly yields massive (∼ 〈Σ〉 ∼
MGUT) Higgs triplets (h3, h¯3), whereas the doublets (h2, h¯2) remain massless. The
M50 term is not required for a successful doublet-triplet splitting. However, it is
introduced in order to give large masses to the many leftover components of the
50,50 representations. The last two terms in W (1) provide the Yukawa matrices for
the Standard Model fermions, implying the usual relations (e.g., λb = λτ ).
Despite the above natural solution to the doublet-triplet splitting problem,
the magnitude of the dimension-five (d = 5) proton decay operators still needs to be
assessed. The crucial element in this calculation is the effective h3h¯3 mixing term.
If in Eq. (1) M50 were allowed to vanish, then there would be no mixing whatever,
and the d = 5 operators would be negligible. In practice M50 cannot vanish, and
we are left with two possibilities: (i) M50 ∼ 〈Σ〉, and (ii) M50 ≫ 〈Σ〉. The first
case implies an effective Higgs-triplet mixing term of the same magnitude as in the
minimal SU(5) model, and therefore similar difficulties in suppressing proton decay.
However, this case is not really viable since above the GUT scale the large 50,50
representations increase the SU(5) beta function so much that the gauge coupling
becomes non-perturbative before reaching the Planck scale [5, 15]. We are left with
the second alternative with M50 ∼ M , where M = MP l/
√
8π ≈ 1018GeV is the
appropriate gravitational scale. Unfortunately, this choice leads to a see-saw type
mass for the Higgs triplets: mh3,h¯3 ∼ 〈Σ〉2/M ∼ 1014GeV, and effective mixing of the
same magnitude, which makes proton decay much too fast.
Various variants of the MDM have been proposed to deal with the proton
decay problem in a more effective way [10, 14, 15]. Here we follow the suggestion in
Ref. [15], whereby the following additional fields are introduced: θ′ (50), θ¯′ (50), h′
(5), h¯′ (5). The superpotential for the model is that in Eq. (1) with M50 ≡ 0, and
supplemented by
W ′ = λ′4 θ¯
′Σh′ + λ′5 θ
′Σh¯′ +M ′50 θθ¯
′ +M ′50 θ
′θ¯ , (3)
3
where we again take M ′50 ∼ M . These interactions lead to the following generalized
Higgs-triplet mass matrix

h¯′3 θ¯3 h¯3 θ¯
′
3
h3 0 λ4〈Σ〉 0 0
θ′3 λ
′
5〈Σ〉 M ′50 0 0
h′3 0 0 0 λ
′
4〈Σ〉
θ3 0 0 λ5〈Σ〉 M ′50
 , (4)
and effective interactions [15](
λ4λ
′
5
〈Σ〉2
M ′50
)
h3h¯
′
3 +
(
λ′4λ5
〈Σ〉2
M ′50
)
h′3h¯3 ≡MH3 h3h¯′3 +MH¯3 h′3h¯3 . (5)
Since there is no effective interaction between h3 and h¯3 (the only triplets that interact
with the Standard Model fermions), the d = 5 operator is negligible.
If the superpotentialW+W ′ were the complete model, we would have managed
to make all the non-minimal fields sufficiently heavy or non-interacting. However, we
would have left two pairs of Higgs doublets h2, h¯2 and h
′
2, h¯
′
2 with no apparent use for
the second pair, and if light, with severe trouble with gauge coupling unification. Let
us assume the existence of a mass term Mh′h
′h¯′, with no specific origin for Mh′ for
now. Such a term contains Mh′h
′
3h¯
′
3, which “hooks up” the two disconnected pieces
in Eq. (5) and allows d = 5 proton decay to occur, with an operator proportional to
1
MHeff
≡ Mh′
MH3MH¯3
∼ Mh′
[〈Σ〉2/M ′50]2
, (6)
where MHeff is the effective Higgs triplet mass. Since in the minimal SU(5) model
with MHeff = MH3 >∼ 1017GeV, the present experimental bounds on proton decay are
satisfied without strong restrictions on the parameter space [16, 17], we effectively
require Mh′ <∼ 1011GeV.
But where does this intermediate scale come from? It has been suggested
that this scale could be generated dynamically via the breaking of a Peccei-Quinn
symmetry [35, 15]. A more modern and economical approach to the generation
of intermediate scales, especially in the context of supergravity, is to consider the
condensation of a hidden sector gauge group that triggers supersymmetry breaking.
Non-renormalizable interactions coupling hidden sector matter fields to observable
fields may then naturally generate the intermediate scale.2 Specifically, we add to
our model the following superpotential terms3
W ′′ = λ7 hh¯
(T T¯ )2
M3
+ λ′7 h
′h¯′
T T¯
M
, (7)
2This mechanism is commonly available in string model building [36].
3The apparent asymmetry between the hh¯ and h′h¯′ couplings may be understood on the basis of
additional local U(1) quantum numbers, which are broken near the Planck scale and are carried by
both hidden and observable sector particles, as is common in string model building [36]. For further
symmetry arguments motivating these choices, see e.g., Ref. [37].
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where T T¯ is a gauge-singlet hidden-sector composite (e.g., 44 in SU(4)). When the
hidden sector condenses, we generate dynamically two mass scales:
Mh′ = λ
′
7
〈T T¯ 〉
M
, µ = λ7
〈T T¯ 〉2
M3
. (8)
Note that for 〈T T¯ 〉/M ∼ 1010GeV, we would obtain for the masses of the extra
pair of doublets Mh′ ∼ 1010GeV, and an effective Higgs-triplet mixing which satisfies
proton decay constraints automatically. We would also obtain dynamically4 a very
desirable Higgs mixing parameter µ ∼ 100GeV. In the next section we explore the
hidden sector of the model with these phenomenological constraints in mind.
One of the main model-building shortcomings of SU(5) GUTs is the not-
so-obvious source of neutrino masses. In fact, neutrino masses can be introduced
by simply adding right-handed neutrino (SU(5) singlet) fields to the model. To
implement the standard see-saw mechanism we introduce three singlet fields νc1,2,3
with the following superpotential
W ′′′ = λij3 f¯iν
c
jh+ λ
ij
6 ν
c
i ν
c
j
T T¯
M
. (9)
After hidden sector condensation and electroweak symmetry breaking, we obtain the
following see-saw neutrino mass matrix
( νj νcj
νi 0 λ
ij
3 v2
νci λ
ji
3 v2 λ
ij
6 〈T T¯ 〉/M
)
, (10)
and light neutrino see-saw masses mν ∼ λ32v22/[λ6〈T T¯ 〉/M ]. For simplicity, in what
follows we assume λij6 = λ
i
6δij . With our above desired value of 〈T T¯ 〉/M ∼ Mνc ∼
1010GeV, and λ3v2 ∼ 10GeV, typical see-saw light neutrino masses follow, i.e.,
mντ ∼ 10 eV. Further discussion of the consequences of this see-saw matrix for the
light neutrino masses and mixing angles is given in Sec. 5 below.
3 The hidden sector
Our supergravity model is endowed with a hidden sector which communicates with
the observable sector via gravitational interactions (or via U(1) gauge interactions
broken near the Planck scale). The hidden sector consists of a hidden gauge group
and a set of matter representations, which for convenience we take to be SU(Nc) with
Nf flavors (Ti, T¯i, i = 1→ Nf ) and Nf < Nc. This gauge group starts with a gauge
coupling g at the Planck scale (Q = M), and becomes strongly interacting at the
condensation scale defined by
Λ =Me8pi
2/βg2 , (11)
4This dynamical generation of the µ parameter via non-renormalizable interactions is also familiar
from string model-building [36, 38, 37].
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where the beta function is given by β = −3Nc +Nf . For simplicity we assume that
all the flavors are “light”, i.e., they have masses5 m≪ Λ. At the condensation scale,
the strongly interacting theory is described in terms of composite “meson” fields TiT¯i.
The dynamics of this system can be obtained from an effective Lagrangian with the
following non-perturbative superpotential [40]
Wnon−pert = (Nc −Nf) Λ
(3Nc−Nf )/(Nc−Nf )
(det T T¯ )1/(Nc−Nf )
+ Tr (mTT¯ ) . (12)
Minimization of the corresponding scalar potential results in the following expectation
values for the mesons fields 〈T T¯ 〉 (we work in a diagonal flavor basis)
〈T T¯ 〉 = Λ(3Nc−Nf )/Nc (detm)1/Nc m−1 = Λ3
(
m
Λ
)Nf/Nc 1
m
= Λ2 x(Nf /Nc)−1 , (13)
where in the last expression we have defined x ≡ m/Λ, with x < 1. Inserting this
expectation value in Wnon−pert, we obtain
〈W 〉 = Nc Λ3 xNf /Nc , (14)
where W includes all perturbative and non-perturbative contributions. In a super-
gravity theory, the scale of supersymmetry breaking is determined by the gravitino
mass: m3/2 = 〈eK W 〉, whereK is the Ka¨hler potential. In simple modelsK = ∑φiφ†i ,
and thus 〈K〉 = 0. More complicated forms of K are obtained in string models (where
the dilaton and moduli fields play an important role). For our present purposes, we
simply assume that 〈eK〉 ∼ 1. This implies that 〈W 〉 is the sole source of supersym-
metry breaking, i.e.,
m3/2 ∼ 〈W 〉 ∼
(
Λ
M
)3
xNf/Nc M , (15)
where we have restored the units in the expression for m3/2.
With the results in Eqs. (13) and (15) for 〈T T¯ 〉 and m3/2, we can now in-
vestigate the conditions on Nc, Nf , and x that would yield the desired results:
〈T T¯ 〉/M = 10pGeV and m3/2 = 10qGeV, with p ∼ 10 and q ∼ 3. In terms of p
and q, we can solve simultaneously Eqs. (13), (15), and (11), to obtain
Nc =
p− q
18− q Nf +
8π2
g2
log10 e
18− q , (16)
and
x = 102Nc (
3
2
p−q−9)/β . (17)
Thus, for a given value of g and Nf , we obtain Nc (and thus β) from Eq. (16). With
this value of Nc, x is determined from Eq. (17), and Λ from Eq. (11). For the desired
5Massless flavors lead to pathologies (i.e., no vacuum), which can nonetheless be remedied by
invoking supersymmetry-breaking masses for the Ti, T¯i fields [39].
6
p = 10 and q = 3, and with the sensible inputs Nf = 1 and g = 0.7, we obtain Nc = 5,
x ≈ 0.01, and Λ ≈ 1013GeV. That is, an SU(5) hidden gauge group with one light
flavor. The general constraints on Nc and Nf for given values of g are shown in Fig. 1,
for q = 2→ 3 (i.e., m3/2 = 100GeV→ 1TeV) and p = 10.
We do not address here the calculation of the observable-sector soft-supersymmetry-
breaking scalar and gaugino masses, since these depend on the specific choices for the
Ka¨hler function and the gauge kinetic function, although their overall scale is already
determined by m3/2. The “flat” choice K =
∑
φiφ
†
j leads to the usual universal scalar
masses, but this choice is not unique.
4 Unification and proton decay
The revamped MDM presented in the two previous sections contains several depar-
tures from conventional gauge coupling unification: (i) there is a pair of Higgs doublets
with intermediate-scale masses (Mh′ ∼ 1010GeV), (ii) there is a richer structure of
GUT particles, including two pairs of Higgs triplets (from the 5,5 representations)
with masses MH3,H¯3 ∼ 1014GeV, and (iii) there is a spectrum of masses for the differ-
ent components of the 75, all near the unification scale. There is also a hidden gauge
group, with an in-principle independent gauge coupling at the Planck scale (denoted
by g in Sec. 3).6 Fortunately, the issue of gauge coupling unification in the observ-
able sector has already been addressed in detail in Ref. [15]. Those calculations are
directly applicable to our model since the observable matter content and spectrum
of the two models is the same, even though the dynamics providing the intermediate
scale are different. Thus, here we limit ourselves to a brief summary of the relevant
issues.
Writing down the one-loop RGEs for the gauge couplings, including a common
supersymmetric threshold at MSUSY, one can eliminate the unified SU(5) coupling
and obtain the following two relations [15, 41]
(
3α−12 − 2α−13 − α−11
)
(MZ) =
1
2π
{
12
5
ln
MH3MH¯3
Mh′MZ
− 2 lnMSUSY
MZ
− 23.3
}
(18)
(
5α−11 − 3α−12 − 2α−13
)
(MZ) =
1
2π
{
36 ln
(M2VMΣ)
1/3
MZ
+ 8 ln
MSUSY
MZ
+ 12.1
}
(19)
In these relations, MV = 3
√
15(g5/λ75)M75 is the mass of the GUT gauge bosons, and
the explicit constants come from the splittings of the 75 relative to the MΣ = 5M75
mass of its (8,3) component. The above relations can be made more accurate by the
inclusion of realistic low-energy supersymmetric thresholds, two-loop gauge coupling
RGEs, and smooth decoupling of heavy particles. Once this is done, and the latest
values of the Standard Model gauge couplings are input (i.e., α−1 = 127.9 ± 0.2,
6In the spirit of string unified models one could assume that the observable and hidden gauge
couplings are related at the Planck scale or at the string scale (Mstr ≈ 4× 1017GeV).
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sin2 θW = 0.2314± 0.0004, α3 = 0.118± 0.007), one obtains the following 1σ allowed
intervals [15]:
1.4× 1017GeV ≤ MH3MH¯3
Mh′
≤ 5.5× 1020GeV , (20)
8.4× 1015GeV ≤ (M2VMΣ)1/3 ≤ 2.6× 1016GeV . (21)
It is evident that our choices above, i.e., MH3 ∼ MH¯3 ∼ 1014GeV and Mh′ ∼
1010GeV, are perfectly consistent with the constraint in Eq. (20). The same is true
for the middle-of-the-road choiceMV ∼MΣ (i.e., λ75 ∼ g5), which yields a GUT scale
close to 1016GeV.
We recall that we have set the masses of the 50,50 representations at the
gravitational scale M ≈ 1018GeV in order to prevent the onset of a non-perturbative
SU(5) regime below the Planck scale. Nonetheless, because of the needed GUT-
scale 75 representation, the unified gauge coupling grows above the unification scale.
However, it has been demonstrated that this coupling remains in the perturbative
regime, i.e., α <∼ 0.1 [15]. One could assume that the corresponding gauge coupling
at the gravitational scale (g ≈ 1) is related to the gauge coupling from the hidden
sector gauge group discussed in Sec. 3, as would be the case in string models. This
relation would help to further constrain the viable hidden sector choices. For instance,
assuming a “super-unified” situation, where hidden and observable gauge couplings
are equal near the gravitational scale, the constraints on the hidden sector choice can
be read off Fig. 1 (g = 1 curves).
Concerning proton decay, gauge-boson-mediated dimension-six operators de-
pend on 1/M2V . From Eq. (21), MV is not expected to be much below 10
16GeV,
unless λ75 ≫ g5, but this case is unlikely since λ75 would be in the non-perturbative
regime. Thus, we don’t expect a particular enhancement of dimension-six operators
in this model. More interesting is the situation with the dimension-five proton decay
operators, which depend on the effective Higgs triplet mass (MHeff ) defined in Eq. (6).
The dominant proton partial lifetime is given by [17, 19]
τ(p→ K+ν¯µ) = 2.0× 1031 y
∣∣∣∣∣0.0056GeV
3
β
0.67
AS
sin 2β
1 + ytK
MHeff
1017GeV
TeV−1
f
∣∣∣∣∣
2
, (22)
where β = (5.6 ± 0.8) × 10−3GeV3 is the relevant hadronic matrix element, AS is
the short-distance renormalization factor, and ytK parametrizes the contribution of
the third family relative to the first two (|ytK | ≈ 2 for mt = 175GeV) with an
undetermined phase. The f functions are the one-loop integrals which behave as
1/f ≈ m2q˜/mW˜ for mq˜ ≫ mW˜ .
From unification constraints, Eq. (20) indicates thatMHeff > 1.4×1017GeV ≈
10MV . In this case, Eq. (22) and Ref. [16] show that the present Kamiokande limit
τ(p→ ν¯K+) > 1× 1032 y [42], is satisfied provided tan β is not too large (tan β <∼ 5)
and the universal scalar mass m0 > 300GeV. On the other hand, in our model we
obtainMHeff >∼ 1018GeV ≈ 100MV , and the experimental limit is satisfied rather com-
fortably, even for large values of tanβ and presently accessible supersymmetric parti-
cle masses. For instance, for mq˜ ≈ 300 (600)GeV and mW˜ ≈ 80GeV, tan β <∼ 10 (40)
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is required. Thus, p→ ν¯K+ remains the dominant mode for proton decay, with good
prospects for observation at the upcoming SuperKamiokande experiment and the pro-
posed ICARUS facility. Note that the much-weakened proton-decay upper-bound on
tan β offers a new possibility in the study of Yukawa coupling unification in SU(5)
GUTs (i.e., λb = λτ ), which now also allow the so-called “large-tanβ” solution [43].
5 Cosmic baryon asymmetry
With the realization of significant electroweak baryon number violation at high tem-
peratures, which occurs through (B+L)-violating but (B–L)-conserving non-perturbative
sphaleron interactions [44], several new mechanisms for generating the cosmic baryon
asymmetry have been proposed [45]. These mechanisms produce a primordial lep-
ton asymmetry (leptogenesis), which is then recycled by sphaleron interactions into
a baryon asymmetry at the electroweak scale. It is important to note that pri-
mordial (B–L)-conserving asymmetries, such as those produced in traditional SU(5)
GUT baryogenesis, are likely to be wiped out by the sphaleron interactions [46].
Therefore, in the context of SU(5) GUTs, the leptogenesis-based mechanisms may
be unavoidable. Here we consider the simplest of these mechanisms, based on the
out-of-equilibrium decay of right-handed neutrinos, as first suggested in Ref. [47],7
and extended to supersymmetry in Refs. [48, 49], and to SU(5) × U(1) GUTs in
Refs. [50, 51]. We note that the lepton-asymmetric decays of right-handed sneutrino
condensates [52, 53], may provide an additional contribution to the lepton asymmetry
that we discuss below.
In order to satisfy the out-of-equilibrium condition in the decay of the right-
handed neutrinos, one could follow the standard procedure of demanding that the
νc1,2,3 decay rate be less than the expansion rate of the Universe at the time of ν
c
decay. This condition leads to constraints on the λ3 couplings of the right-handed
neutrinos, that can be undesirable when trying to use the same couplings to compute
the corresponding light see-saw neutrino masses. Even more problematic can be
the need to obtain the surviving lepton asymmetry solely from the decays of the
lightest right-handed neutrino (νc1), since the asymmetry produced in the decays of
νc2,3 is typically wiped out by the ν
c
1 interactions. Such potential difficulties have been
exemplified in Ref. [51]. Instead, here we follow an alternative scenario [54],8 whereby
the right-handed neutrinos are produced in the decays of the inflaton subsequent to
inflation. The COBE data on the anisotropy of the cosmic microwave brackground
radiation, interpreted in the context of inflation, allows one to deduce the inflaton
mass to be mη ∼ 1011GeV and the reheating temperature TR ∼ 108GeV [48]. The
νc then decay immediately after inflation and out of equilibrium at the temperature
7Before the realization of the importance of the sphaleron interactions, Ref. [14] pointed out the
possibility of generating a baryon asymmetry in the decay of right-handed neutrinos via baryon
number violating GUT interactions.
8Below we show that in our model, the traditional out-of-equilibrium scenario is also viable.
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TR ≪ Mνc , as long as Mνc < mη ∼ 1011GeV. Interestingly, the constraint from
proton decay (see Sec. 2) ensures that this condition is satisfied automatically.
The primordial lepton asymmetry, when reprocessed by sphaleron interactions,
leads to a similar baryon asymmetry [48]
nB
nγ
∼ nL
nγ
∼
(
mη
MP l
)1/2
ǫ ∼ 10−4 ǫ , (23)
where the asymmetry parameter (ǫ) due to the decay of the ith-generation neutrino
and sneutrino is given by [48]
ǫi =
1
2π(λ†3λ3)ii
∑
j
(
Im [(λ†3λ3)ij]
2
)
g(M2νc
j
/M2νc
i
) , (24)
with
g(x) = 4
√
x ln
1 + x
x
. (25)
To proceed we need to manipulate the entries in λ3, which has remained as yet
unspecified. We define the unitary rotation matrix U , such that λˆ3 = Uλ3U
†, where
λˆ3 is the diagonal matrix of eigenvalues of λ3. Experience with the quark mixing
matrix leads us to assume that U differs little from the identity matrix: U = 1+ R,
with [51]
R =
 0 θ12 0−θ∗12 0 θ23
0 −θ∗23 0
 . (26)
With this ansatz we obtain to lowest non-vanishing order
(λ†3λ3)ii = |λˆi3|2 +
∑
j
|λˆj3|2 |θij |2 , (27)
(λ†3λ3)ij = |θij |eiφij
[
|λˆi3|2 − |λˆj3|2
]
(i 6= j) , (28)
where φij = Arg [θij ]. Thus, Eq. (24) becomes
ǫi =
1
2π
∑
j 6=i |θij |2 sin 2φij [|λˆi3|2 − |λˆj3|2]2 g(M2νc
j
/M2νc
i
)
|λˆi3|2 +
∑
j |λˆj3|2 |θij |2
. (29)
Because of the several unknown parameters in the above expressions, and the
inherent uncertainties in this type of calculations, we will be content with presenting
a plausible scenario leading to interesting lepton asymmetries and see-saw neutrino
masses. For simplicity let us assume that the λ6 matrix is proportional to the unit
matrix, i.e.,
Mνc
1
= Mνc
2
=Mνc
3
=Mνc = λ6
〈T T¯ 〉
M
. (30)
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The light neutrino mass matrix then becomes Mν = λ3λ
T
3 v
2
2/Mνc. If we neglect the
CP violating phases (a not necessarily justified approximation), the matrix U which
diagonalizes λ3λ
†
3, also diagonalizes λ3λ
T
3 and the physical neutrino masses become
(up renormalization group scaling corrections [55])
mνi ≈
(λˆi3v2)
2
Mνc
. (31)
Furthermore, in our ansatz the (small) neutrino mixing angles are given by θeµ = θ12,
θeτ = 0, and θµτ = θ23. As we will see shortly, these mixing angles are unrestricted
from lepton asymmetry considerations, and thus could accomodate the MSW solution
to the solar neutrino problem (νe ↔ νµ) and lead to interesting νµ ↔ ντ oscillations
at the CHORUS and NOMAD, and P803 experiments at CERN and Fermilab re-
spectively.
From Eq. (31) we see that mντ ≈ (λˆ33v2)2/Mνc = [λˆ33 sin β(174GeV)]2/Mνc .
With Mνc ∼ 1010GeV and λˆ33 ≈ 0.1, we get mντ ∼ 15 (30) eV for tanβ ∼ 1 (tanβ ≫
1). This range of tau neutrino masses provide an adequate and desirable hot dark
matter component of the Universe. Thus, in what follows we take λˆ33 = 0.1. It is also
natural to assume that the remaining eigenvalues of the λ3 matrix are hierarchically
smaller, i.e., λˆ13 ≪ λˆ23 ≪ λˆ33. For instance, λˆ23 ∼ 1100 λˆ33 yields mνµ ∼ 10−3 eV,
consistent with solutions to the solar neutrino problem via the MSW mechanism.
(These hierarchies are comparable to those in the up-quark Yukawa matrix.)
Going back to the calculation of the lepton asymmetries, with our hierarchical
assumption for λˆ3, from Eq. (29) we obtain
ǫ1 ≈ 2 ln 2
π
(
λˆ23
)2
sin 2φ12 ∼ 10−6 φ12 , (32)
ǫ2 ≈ 2 ln 2
π
(
λˆ33
)2
sin 2φ23 ∼ 10−2 φ23 , (33)
ǫ3 ≈ 2 ln 2
π
(
λˆ33
)2 |θ23|2 sin 2φ23 ∼ 10−2 |θ23|2φ23 . (34)
With the expression for the estimated baryon asymmetry in Eq. (23), we would get
the desired result of few × 10−10 for φ12 ∼ 1 and φ23 ≪ 1. The natural choice would
be maximal CP violation in the θ12 entry in the rotation matrix R (see Eq. (26))
and no CP violation elsewhere in the matrix (unless new entropy diluting sources
are introduced to reduce ǫ1 + ǫ2 + ǫ3). These results would be affected somewhat if
one allows a non-trivial structure to the matrix λ6 (i.e., relaxing the assumption in
Eq. (30)).
We now remark that this model is also viable in the traditional out-of-equilibrium
scenario, where ǫ1 is the only surviving asymmetry. The out-of-equilibrium condition
at T =Mνc
1
∼ 1010GeV,
Γνc
1
=
(λ†3λ3)11
16π
Mνc
1
< 1.66g1/2∗
T 2
MP l
= H , (35)
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is satisfied for (using Eq. (27))
(λ†3λ3)11 = |λˆ13|2 + |λˆ23|2 |θ12|2 <∼ 10−6 , (36)
which is consistent with our hierarchical assumption. However, in this case the calcu-
lation of the leptonic asymmetry has a larger (∼ 10−2 [48]) coefficient than in Eq. (23),
requiring a non-maximal CP violating phase φ12 ∼ 10−2.
Finally, let us comment on whether or not the sphaleron interactions may
wash away the leptonic asymmetry produced above. This could in principle happen
if the non-renormalizable operators obtained when integrating out the right-handed
neutrino fields, i.e., (λ3/Mνc)LLHH , where L is the lepton doublet in f¯ and H the
Higgs doublet in h, are in equilibrium with the sphaleron interactions [47]. It has
been shown [56] that to prevent the erasure of the asymmetry, one must demand
Mνc >∼ (λ3)2 3× 109GeV, which is always satisfied for our choices of λ3 and Mνc .
6 Comparison with SU(5)× U(1)
The revamped MDM presented in the previous sections has several appealing phe-
nomenological features, constituting an interesting example of traditional grand uni-
fied model building. Nonetheless, it is apparent that the model is rather non-minimal
or uneconomical. For instance, a 75 needs to be used for GUT symmetry breaking,
greatly increasing the size of the GUT particle spectrum. Moreover, the 50,50 to
effect the doublet-triplet splitting problem make the unified gauge coupling so large
above the GUT scale that they need to be taken at the gravitational scale. The
doublet-triplet splitting is tamed, but proton decay can still be too fast because of
the “useless” pieces of the 50,50 representations which need to be made heavy, result-
ing in the otherwise-not-needed doubling of these representations and of the Higgs
pentaplets. Regarding the right-handed neutrinos, their (ad-hoc) introduction has
various desirable consequences. However, the Yukawa matrix coupling them to the
lepton doublets is arbitrary, with no particular motivation for its desired hierarchical
structure.
It is interesting to note that the above critique of the revamped MDM can be
circumvented altogether if one extends the gauge group from SU(5) to SU(5)×U(1)
[57, 58, 59]. Gauge symmetry breaking down to the Standard Model gauge group
occurs via vacuum expectation values of theH (10) and H¯ (10) Higgs representations.
This is possible because of the “flipping” u ↔ d, uc ↔ dc, e ↔ ν, ec ↔ νc involved
in the assignment of the Standard Model particles to the f¯ = {uc, L} (5) and F =
{Q, dc, νc} (10) representations. Thus, H and H¯ contain one pair of neutral fields
νcH , ν
c
H¯ , which get vevs along the flat direction 〈νcH〉 = 〈νcH¯〉. There is no need for
large GUT representations for symmetry breaking. As is well known (and we review
below), this property takes on a much larger magnitude when one attempts to derive
these models in string model building.
The missing-partner mechanism, which above involved the couplings θ¯Σh
[(50)(75)(5)] and θΣh¯ [(50)(75)(5)], is now effected by the couplingsHHh [(10)(10)(5)]
and H¯H¯h¯ [(10)(10)(5)]. First note that no additional representations are needed be-
sides the GUT-breaking Higgs ones. Moreover, the resulting Higgs triplet matrix
( h¯3 dcH
h3 0 λ4 〈νcH〉
dcH¯ λ5 〈νcH¯〉 0
)
, (37)
does not need a large non-zero (22) entry (c.f. Eq. (2)) because the “useless” compo-
nents of the H and H¯ representations are eaten by the GUT gauge bosons to become
massive or become GUT Higgsinos. This natural zero mass term for dcHd
c
H¯ implies
that the dimension-five proton decay operators are negligible. We end up with a very
economical GUT Higgs spectrum and no threat of dimension-five operators.
Regarding neutrino masses, the right-handed neutrinos which had to be intro-
duced by hand in the revamped MDM, are now contained in the F (10) represen-
tations. Indeed, the coupling λ3f¯ ν
ch in Eq. (9) is here written as λ3f¯ e
ch, with the
(unavoidable) right-handed electrons now introduced “by hand”. In SU(5) × U(1)
this coupling provides the charged lepton masses. On the other hand, the coupling
λ1F f¯ h¯, which in Eq. (1) provided the down-quark masses, here provides the up-quark
masses and Dirac neutrino masses. (Also, the coupling λ2FFh, which in Eq. (1)
provided the up-quark masses, here provides the down-quark masses.) Thus, the
right-handed neutrinos are unavoidable in SU(5)×U(1), and their Yukawa couplings
to the lepton doublets are equal to those of the up-quark Yukawa matrix, providing
(as discussed in Sec. 5) an automatic and desirable hierarchy in the see-saw neutrino
masses. An important distinction between the see-saw mechanism in the revamped
MDM and SU(5) × U(1) is the manner in which the right-handed neutrinos get a
mass. In the revamped MDM this is through the superpotential term λ6ν
cνc〈T T¯ 〉/M
in Eq. (9), whereas in SU(5) × U(1) there are two possible sources: (i) through cu-
bic couplings λ6FH¯φ ∋ λ6〈νcH¯〉νcφ, where φ (with 〈φ〉 = 0) are SU(5) singlets [58];
and (ii) through non-renormalizable couplings λ9FFH¯H¯/M ∋ λ9(〈νcH¯〉2/M)νcνc [60].
The second form resembles that in the revamped MDM, although the mass scale is
likely higher (i.e., 〈νcH¯〉2/M ∼ 1014GeV).
These two models also differ somewhat in the calculation of the cosmic baryon
asymmetry, besides the possible difference in the right-handed neutrino mass spec-
trum. Indeed, because the SU(5) × U(1) gauge symmetry is broken along a flat
direction, there is a dilution factor (∆) in the computation of the lepton asymmetry
due to the entropy released by the late-decaying “flaton” field [61, 50]. However, these
two effects (νc spectrum and ∆) tend to compensate each other and an acceptable
baryon asymmetry is typically obtained [50, 51].
There is another cosmological aspect of these models that sets them apart,
namely the breaking of the GUT symmetry down to the Standard Model one. In
the MDM, SU(5) symmetry breaking via an arbitrary vev of the 75 leads to several
possible degenerate vacua [62], at least in the context of global supersymmetry. When
supergravity effects are taken into account, if the desired vacuum has zero cosmolog-
ical constant, all the others will be lower in energy, although essentially unreachable
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[63]. Thus, if the vev of the 75 can be arranged to be in the desired direction, the
Universe will remain in the desired broken phase. In contrast, in SU(5) × U(1) the
breaking down to the Standard Model via the vevs of the 10,10 along the F- and
D-flat direction 〈νcH〉 = 〈νcH¯〉 is unique [58].
Regarding the issue of unification, the revamped MDM requires non-minimal
representations to make this possible. In SU(5)× U(1) traditional grand unification
does not occur (although the non-abelian Standard Model gauge groups do unify)
and unification is not a test of the model. However, if string unification is desired (at
the scale Mstr ≈ 4 × 1017GeV), then non-minimal representations need to be added
to the SU(5)× U(1) model [64].
We have seen that the pair of 50,50 representations in the revamped MDM
need to be put at the gravitational scale. It is then natural to ask whether this
model can be obtained from the only known consistent theory of quantum gravity,
namely string theory. Because of some technical difficulties which we review below,
no attempts have been made to derive the MDM from strings. It is of course well
known that SU(5)× U(1) can be easily derived from strings [65, 66].
The prime constraint in string model-building is that of the massless represen-
tations which are allowed when the corresponding gauge group G is represented by a
“level-k” Kac-Moody algebra on the world-sheet [33, 67]. The allowed representations
must be unitary,
rankG∑
i=1
nimi ≤ k , (38)
where ni are the Dynkin labels of the highest weight representation in question, and
mi are fixed positive integers for a given G. In the case of SU(n): mi = 1 , ∀i. In our
SU(5) example then
∑4
i=1 ni ≤ k. Looking up the ni values, we see that for k = 1, only
1,5,5,10,10 are unitary. For k = 2 we find in addition: 15,24,40,40,45,45,50,50,75.
Only level-one constructions appear to be needed to derive SU(5) × U(1), whereas
at least level-two constructions are required in the MDM. However, this is not the
end of the story, since one can also ask whether the allowed representations could
possible be massless. This requires calculating the so-called conformal dimension hr
of the representation r,
hr =
Cr
2k + CA
, (39)
where Cr is the Casimir of r, and CA that of the adjoint representation. If hr > 1,
the representation is necessarily massive. For hr ≤ 1 the representation could be
massless, although this is not guaranteed since other degrees of freedom may add
their own contribution to the conformal dimension making it exceed unity. It is not
hard to see that in SU(5) all unitary representations at level one are also massless
[33], and thus SU(5) × U(1) models can be readily constructed at level one. The
unitary representations of interest for MDM model-building, which are allowed at
level two, have conformal dimensions
h50,50 =
42
5(k + 5)
, h75 =
8
k + 5
, (40)
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and are not massless at level two. In fact, k = 4 is required to make all these
representations massless. Such high-level Kac-Moody constructions have never been
attempted.
One intriguing possibility would be to construct level-two SU(5) string mod-
els (for recent attempts see Ref. [34]), which should allow the required large MDM
representations, although with masses at the Planck scale. Note that this is not nec-
essarily a problem since we already require the 50,50 to be at that mass scale. If
the 75 is also raised to that scale, the breaking of SU(5) would occur at the string
scale, and this may be difficult to reconcile with gauge coupling unification. It is also
worth remarking that in a string model all gauge couplings are related at the string
scale, and with SU(5) constructed at level two, the relation would be
√
2 g5 = gh
[68], where gh is the gauge coupling of the hidden gauge group. Finally, the mass
terms in Eqs. (1,3), which would not be allowed if the large MDM representations
belonged to the massless spectrum, are expected to arise when they belong to the
string massive spectrum. Of course, bridging the gap between the massless and mas-
sive spectrum may create problems in obtaining the low-energy effective field theory,
but this question cannot be answered until an actual model is constructed along these
lines.
7 Conclusions
During the last few years, a great deal of attention has been paid to supersymmetric
grand unified theories in light of the precise LEP measurements of the Standard
Model gauge couplings. These analyses depend crucially on the details of the low-
energy supersymmetric spectrum and the heavy GUT spectrum. Most of the effort to
date has been focused on the minimal SU(5) supergravity model, which appears to be
running into difficulties regarding unification and proton decay. In addition, there is
the nagging doublet-triplet splitting problem that receives no satisfactory explanation.
Motivated by these developments, we have reconsidered one of the alternatives to
minimal SU(5), where the doublet-triplet splitting is dealt with in a reasonable way
via the missing-partner mechanism, and gauge coupling unification is not in jeopardy.
We have revamped this model to tame the dimension-five proton decay operators, and
to allow see-saw neutrino masses. In order to generate the needed intermediate scale
for the right-handed neutrino masses, we have endowed the model with a “modern”
hidden sector which can generate dynamically the desired intermediate scale, the
scale of supersymmetry breaking, and the Higgs mixing parameter µ. The revamped
MDM also provides for the cosmic baryon asymmetry through the Fukugita-Yanagida
mechanism via lepton-number-violating decays of the right-handed neutrinos.
We have also contrasted the main features of the revamped MDM against the
“flipped” SU(5)×U(1) model, and basically shown that the former can be considered
as a “poor man’s” version of the latter. In the realm of string model-building, SU(5)×
U(1) fares rather well, whereas the revamped MDM is very unlikely to be realized,
except perhaps if one allows SU(5) symmetry breaking to occur at the string scale.
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Figure 1: Constraints on hidden sector gauge group SU(Nc) withNf light flavors, such
that the supersymmetry breaking scale (m3/2) is between 100 GeV (bottom plots) and
1 TeV (top plots), and the hidden matter condensate scale is 〈T T¯ 〉/M = 1010GeV,
for different values of the gauge coupling (g) at the Planck scale.
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